1.. Introduction {#S0001}
================

There is an increasing demand for ultrahigh-temperature structural materials that can drastically raise the operating temperature of combustion systems in fossil-fueled power plants so as to improve their thermal efficiency and consequently to reduce fuel consumption as well as climate-warming CO~2~ emission. Since the turbine inlet temperature of the most advanced gas turbine combustion systems already exceeds 1600 °C, which is about 200 °C higher than the melting temperature of current Ni-based superalloys,\[[@CIT0001]\] Ni-based superalloy turbine blades are usually used with air cooling. Therefore, a drastic increase in thermal efficiency of these gas turbine combustion systems is unlikely, unless a new class of ultrahigh-temperature structural materials is developed, which can withstand severe environments and exhibit superior mechanical properties and corrosion resistance at high temperatures. MoSi~2~-based alloys and composites have received a considerable amount of attention as promising candidates for such ultrahigh-temperature structural applications due to their high melting temperatures (around 2000 °C), low densities, high thermal conductivities and good oxidation resistance.\[[@CIT0002]\] Various MoSi~2~-based composites produced by powder metallurgy routes have been investigated extensively.\[[@CIT0002]\] Some of these MoSi~2~-based composites exhibit improved fracture toughness at ambient temperature. However, their high-temperature strength is rather poor mostly because of intergranular SiO~2~ layers.\[[@CIT0002]\] Alternatively, directionally solidified (DS) MoSi~2~-based eutectic composites containing the Mo~5~Si~3~ phase with the tetragonal D8~m~ structure have been confirmed to exhibit better creep properties than other MoSi~2~-based composites produced through powder-metallurgy routes due mainly to the elimination of high-angle grain boundaries and intergranular SiO~2~ layers.\[[@CIT0014]\] DS MoSi~2~/Mo~5~Si~3~ eutectic composites have a fine script lamellar microstructure composed of a continuous MoSi~2~ matrix and an interconnected network of Mo~5~Si~3~ elongated along the growth direction.\[[@CIT0015]\] Mechanical properties of DS eutectic composites are expected to be affected by microstructural characteristics such as lamellar spacing, orientation relationship and interface morphology as well as alloying elements. Further improvements in high-temperature strengths are thus expected to be highly probable by controlling the growth conditions in the DS process and also by ternary additions. Recently, we have investigated effects of ternary additions on the microstructure and thermal stability of DS MoSi~2~/Mo~5~Si~3~ eutectic composites. We have confirmed that DS ingots of binary and various ternary-alloyed MoSi~2~/Mo~5~Si~3~ eutectic composites exhibiting a homogeneous and fine script lamellar structure can be obtained by controlling the growth rate during DS processing and by adjusting the amount of ternary additions.\[[@CIT0016]\] These DS ingots with a homogeneous script lamellar structure are approximated as single crystals having an orientation relationship of (1$\overline{1}$0)~MoSi2~ // (001)~Mo5Si3~ and \[110\]~MoSi2~ // \[1$\overline{1}$0\]~Mo5Si3~ with a growth direction being nearly parallel to \[1$\overline{1}$0\]~MoSi2~ and \[001\]~Mo5Si3~.\[[@CIT0015]\] Our preliminary study on mechanical properties of binary DS eutectic composites suggests that high-temperature strength depends on the average thickness of the MoSi~2~ phase.\[[@CIT0020]\] We also expect that the strength of DS MoSi~2~/Mo~5~Si~3~ eutectic composites depends on the crystal orientation in view of the anisotropic deformation behavior of the tetragonal MoSi~2~ and Mo~5~Si~3~ phases.\[[@CIT0007]\] It is technologically very important to find out the strongest orientation of the DS eutectic composites as well as the most beneficial microstructure (lamellar thickness) of the DS eutectic composites for better high-temperature mechanical properties.

In the present study, we investigate the deformation behavior of DS MoSi~2~/Mo~5~Si~3~ eutectic composites of binary and some ternary alloys as a function of temperature and loading axis orientation in order to elucidate effects of the lamellar spacing and ternary addition on their mechanical properties and the anisotropy in high-temperature strength with the possible causes.

2.. Experimental procedures {#S0002}
===========================

Rod ingots of MoSi~2~/Mo~5~Si~3~ two-phase eutectic composites with nominal compositions of Mo - 54 at.% Si (binary), Mo - 54 at.% Si - 2 at.% X (X = V, Nb, W) and Mo - 54 at.% Si - 5 at.% Ta were prepared by arc-melting. DS ingots of the two-phase eutectic composites were grown from these rod ingots using an optical floating zone furnace at various growth rates between 5 and 100 mm h^--1^ under an Ar gas flow. Microstructures of as-grown DS ingots were examined by scanning electron microscopy (SEM) and transmission electron microscopy (TEM) with JSM-7001FA and JEM-2000FX electron microscopes (JEOL Ltd., Tokyo, Japan), respectively. Chemical compositions were analyzed by energy dispersive X-ray spectroscopy (EDS) in SEM.

Specimens for compression tests with dimensions of 1.2 × 1.2 × 3.0 mm^3^ were cut from the DS ingots by electrical discharge machining (EDM). Compression tests were carried out on an Instron-type testing machine at a strain rate of 1 × 10^−4^ s^−1^ at temperatures ranging from 900 to 1500 °C in vacuum. The loading axis orientations tested are \[1$\overline{1}$0\]~MoSi2~ and \[001\]~MoSi2~, which are nearly parallel to and perpendicular to the growth direction of the DS ingots, respectively.\[[@CIT0017]\] Crystallographic orientations of these DS ingots are hereafter referred to those of the MoSi~2~ matrix and are indicated with a subscript 'MoSi~2~' unless otherwise stated.

Deformation microstructures were examined by optical microscopy (OM) and TEM. Specimens for TEM observations were sliced from deformed specimens by EDM, mechanically polished and then Ar ion-milled using a JEOL EM-09100IS ion milling machine operated at 6.0 kV for milling and 2.0 kV for finishing.

3.. Results {#S0003}
===========

3.1.. Microstructures of the DS ingots {#S0004}
--------------------------------------

SEM backscattered electron images of a cross-section ((1$\overline{1}$0)~MoSi2~ // (001)~Mo5Si3~) of DS ingots of binary and some ternary eutectic composites grown at various growth rates are shown in Figure [1](#F0001){ref-type="fig"}. Dark and bright regions in the SEM images correspond to MoSi~2~ and Mo~5~Si~3~, respectively. A homogeneous script lamellar structure is observed for most of the DS ingots investigated in this study, except for the binary DS ingot grown at 100 mm h^--1^, in which a cellular structure composed of fine and coarse script lamellar structures is observed. The MoSi~2~ and Mo~5~Si~3~ phases in both homogenous script lamellar and cellular structures are grown nearly along \[1$\overline{1}$0\]~MoSi2~ and \[001\]~Mo5Si3~, maintaining the orientation relationship of \[110\]~MoSi2~ // \[1$\overline{1}$0\]~Mo5Si3~ and (1$\overline{1}$0)~MoSi2~ // (001)~Mo5Si3~ with a slight deviation of \~2° as previously reported.\[[@CIT0015]\] Microstructural characteristics of these DS ingots such as the average thickness and chemical compositions of the MoSi~2~ and Mo~5~Si~3~ phases are summarized in Table [1](#T0001){ref-type="table"}.[^1^](#FN0001){ref-type="fn"} The thickness of each phase was measured along two orthogonal directions, namely \[001\]~MoSi2~ and \[110\]~MoSi2~, using test grids drawn on SEM images of the (1$\overline{1}$0)~MoSi2~ cross-sections, as seen in the right bottom of Figure [1](#F0001){ref-type="fig"}. The average lamellar spacing *λ*, which is estimated as a sum of the average thickness of both phases, is plotted in Figure [2](#F0002){ref-type="fig"} as a function of growth rate. The *λ* value decreases with the increase in the growth rate *R*, following the relationship of *λ* ^2^ *R* = constant, as proposed by Jackson and Hunt \[[@CIT0027]\].

![SEM backscattered electron images of DS ingots of (a) Binary 5 mm h^-1^, (b) Binary 10 mm h^-1^, (c) Binary 50 mm h^-1^, (d) Binary 100 mm h^-1^, (e) 2 at.%V 5 mm h^-1^, (f) 2 at.%V 10 mm h^-1^, (g) 2 at.%Nb 10 mm h^-1^, (h) 5 at.%Ta 10 mm h^-1^, (i) 2 at.%W 5 mm h^-1^, (j) 2 at.%W 10 mm h^-1^, (k) Schematic illustration of thickness of each phase and lamellar spacing.](tsta_a_1218248_f0001_b){#F0001}

###### Average thickness, lamellar spacing and chemical compositions of the MoSi~2~ and Mo~5~Si~3~ phases in binary and some ternary DS eutectic composites grown at various growth rates.

             Growth rate (mm h^--1^)   Average thickness (μm)   Average lamellar spacing (μm)   Chemical composition (at.%)                                     
  ---------- ------------------------- ------------------------ ------------------------------- ----------------------------- ------ ------ ----- ------ ------ ---------
  Binary     5                         9 ± 8                    9 ± 6                           18                            35.2   64.8   －    63.2   36.8   －
             10                        7 ± 6                    7 ± 4                           14                                                              
             50                        3 ± 2                    3 ± 1                           6                                                               
             100                       4 ± 3                    4 ± 2                           8                                                               
             (cell center)             3 ± 2                    3 ± 2                           6                                                               
             (cell boundary)           13 ± 10                  13 ± 8                          26                                                              
  2 at.%V    5                         8 ± 7                    6 ± 4                           14                            35.2   64.6   0.2   58.7   37.1   4.2
             10                        5 ± 4                    5 ± 4                           10                                                              
  2 at.%Nb   10                        6 ± 5                    6 ± 6                           12                            36.5   62.5   1.1   57.7   37.2   5.1
  5 at.%Ta   10                        4 ± 4                    5 ± 4                           9                             34.7   64.5   0.9   47.9   42.0   10.1^1^
  2 at.%W    5                         7 ± 6                    6 ± 4                           13                            35.1   63.7   1.2   60.4   36.0   3.7^1^
             10                        5 ± 4                    6 ± 4                           11                                                              

![Average lamellar spacing *λ* of binary and some ternary DS eutectic composites plotted as a function of growth rate *R*.](tsta_a_1218248_f0002_oc){#F0002}

Figure [3](#F0003){ref-type="fig"} shows a typical TEM micrograph of a binary DS composites grown at a growth rate of 100 mm h^--1^. The thin foil was cut parallel to the (1$\overline{1}$0)~MoSi2~ // (001)~Mo5Si3~ cross-section. Many grown-in dislocations are observed to exist in the MoSi~2~ matrix but the density of grown-in dislocations in the Mo~5~Si~3~ phase is by far smaller. The Burgers vectors of grown-in dislocations in the MoSi~2~ matrix are confirmed to be \<100\> by the contrast analysis in TEM. These dislocations are believed to be introduced during cooling by the mismatch of the coefficient of thermal expansion between the two phases. Similar TEM microstructures are observed for all DS ingots.

![Grown-in dislocations in a binary DS eutectic composites grown at a rate of 100 mm h^--1^.](tsta_a_1218248_f0003_b){#F0003}

3.2.. Stress--strain behavior and yield stress {#S0005}
----------------------------------------------

### 3.2.1.. \[1$\overline{1}$0\]~MoSi2~ orientation {#S0006}

Typical stress--strain curves for \[1$\overline{1}$0\]~MoSi2~-oriented specimens of binary DS eutectic composites grown at growth rates of 10 and 100 mm h^--1^ are shown in Figure [4](#F0004){ref-type="fig"}(a). For both specimens, plastic flow is observed only above 1000 °C and premature failure occurs in the elastic region without any appreciable plastic strain below 900 °C. The stress--strain curves for specimens tested between 1000 and 1200 °C generally exhibit a yield drop followed by steady state flow, whereas those above 1300 °C exhibit only nearly steady-state flow from the relatively early stage of plastic deformation.

![Stress--strain curves of binary DS eutectic composites tested in compression along (a) \[1$\overline{1}$0\]~MoSi2~ and (b) \[001\]~MoSi2~.](tsta_a_1218248_f0004_b){#F0004}

The variations of stress--strain curves with temperature are similar for \[1$\overline{1}$0\]~MoSi2~-oriented specimens of all of binary and ternary DS eutectic composites. Typical stress--strain curves obtained for \[1$\overline{1}$0\]~MoSi2~-oriented specimens of binary and some ternary DS eutectic composites tested at 1000 and 1400 °C are shown in Figure [5](#F0005){ref-type="fig"}. For binary specimens deformed at 1000 °C, the yield stress (flow stress at 0.2% plastic strain) depends on the growth rate, while the maximum stress reached before the yield drop is almost independent of the growth rate. A similar trend is also observed for V-alloyed specimens. At 1400 °C, in contrast, both the yield stress and maximum stress depend on the growth rate for the binary and W-alloyed specimens. The difference in temperature variations of stress--strain curves between 1000 and 1400 °C is ascribed to the difference in the deformation mechanisms, as described later in the next section on deformation microstructure observations.

![Stress--strain curves obtained for \[1$\overline{1}$0\]~MoSi2~-oriented specimens of binary and some ternary DS eutectic composites tested at (a) 1000 and (b) 1400 °C.](tsta_a_1218248_f0005_b){#F0005}

Figure [6](#F0006){ref-type="fig"} shows the temperature dependence of yield stress of \[1$\overline{1}$0\]~MoSi2~-oriented specimens of binary DS eutectic composites grown at growth rates of 10 mm h^--1^ (homogeneous script lamellar structure) and 100 mm h^--1^ (cellular structure), together with those of single crystals of MoSi~2~ and Mo~5~Si~3~ with \[1$\overline{1}$0\]~MoSi2~ and \[001\]~Mo5Si3~ orientations, respectively, for references \[[@CIT0024]\]. Values of yield stress for both specimens of binary DS eutectic composites decreases with increasing temperature and are several times higher than those of MoSi~2~ single crystals with the corresponding orientation at all temperatures. The yield stress is higher for specimens with a homogeneous script lamellar structure (*R* = 10 mm h^--1^) than for specimens with cellular structures (*R* = 100 mm h^--1^) at all temperatures, indicating the importance of the formation of a homogeneous and fine script lamellar structure for better high-temperature strength of DS MoSi~2~/Mo~5~Si~3~ eutectic composites. Of importance to note in Figure [6](#F0006){ref-type="fig"}(a) is that the yield stress for the DS MoSi~2~/Mo~5~Si~3~ eutectic composite with a fine homogeneous script lamellar structure (*R* = 10 mm h^--1^) is very high at high temperatures, exceeding 385 MPa at 1400 °C and 290 MPa at 1500 °C.

![Temperature dependence of yield stress for (a) \[1$\overline{1}$0\]~MoSi2~ and (b) \[001\]~MoSi2~-oriented specimens of binary DS eutectic composites. Marks × in open and filled circles indicate stresses at which failure occurs without any plastic flow.](tsta_a_1218248_f0006_b){#F0006}

### 3.2.2.. \[001\]~MoSi2~ orientation {#S0007}

Figure [4](#F0004){ref-type="fig"}(b) shows typical stress--strain curves for \[001\]~MoSi2~-oriented binary DS composite specimens grown at *R* = 10 mm h^--1^. Plastic flow is observed only above 1100 °C, which is 100 °C higher than the onset temperature for \[1$\overline{1}$0\]~MoSi2~-oriented binary DS composite specimens. The yield stress decreases drastically and monotonously with increasing temperature, as shown in Figure [6](#F0006){ref-type="fig"}(b), in which the temperature dependence of yield stress is also shown for single crystals of MoSi~2~ with the \[001\]~MoSi2~ orientation for reference \[[@CIT0024]\]. Although the value of yield stress of the binary DS composite specimen is much higher than that of the \[001\]-oriented MoSi~2~ single crystal at 1100 °C, the opposite is true at and above 1300 °C.

This implies that the strength of single crystals of Mo~5~Si~3~ is lower than that of single crystals of MoSi~2~ for the corresponding orientations at and above 1300 °C. Our preliminary results on compression tests of Mo~5~Si~3~ single crystals with the corresponding and \[110\]~Mo5Si3~ loading axis orientation indeed indicate that the values of yield stress of \[110\]~Mo5Si3~-oriented Mo~5~Si~3~ single crystals at 1300 and 1400 °C are close to and a little lower than those of \[001\]~MoSi2~-oriented DS eutectic composites, respectively.\[[@CIT0028]\] This implies the importance of the increase of strength of the Mo~5~Si~3~ phase for obtaining better high-temperature strength of \[001\]~MoSi2~-oriented DS MoSi~2~/Mo~5~Si~3~ eutectic composites at high temperatures above 1300 °C. It is worth noting in Figure [6](#F0006){ref-type="fig"}(b) that the yield stress for the DS MoSi~2~/Mo~5~Si~3~ eutectic composite with a fine homogeneous script lamellar structure (*R* = 10 mm h^--1^) is very high, exceeding 500 MPa at 1400 °C, which is by far higher than any other values reported so far for high-temperature materials.

3.3.. Deformation microstructures {#S0008}
---------------------------------

### 3.3.1.. \[1$\overline{1}$0\]~MoSi2~ orientation {#S0009}

Deformation markings observed on two orthogonal surfaces of a \[1$\overline{1}$0\]~MoSi2~-oriented specimen of the binary DS composite deformed to \~1% plastic strain at 1000°C are shown in Figure [7](#F0007){ref-type="fig"}. Fine deformation markings are observed in the MoSi~2~ matrix parallel to the traces of {011} planes on the (110)~MoSi2~ surface (Figure [7](#F0007){ref-type="fig"}(a)) while those observed in the MoSi~2~ matrix on the (001)~MoSi2~ surface are very faint (Figure [7](#F0007){ref-type="fig"}(b)), indicating that the slip directions of the MoSi~2~ matrix are contained on the (001)~MoSi2~ surface. The slip directions are thus inferred to be \[100\] and \[010\], which is confirmed by TEM analysis of dislocations introduced during deformation as described later in this section. The slip system activated in the MoSi~2~ matrix is thus determined to be {011}\<100\>. Deformation markings observed in the Mo~5~Si~3~ phase are coarse on the (110) ~MoSi2~ // (1$\overline{1}$0)~Mo5Si3~ surface (Figure [7](#F0007){ref-type="fig"}(a)), while those in the Mo~5~Si~3~ phase are again very faint on the (001)~MoSi2~ // (110)~Mo5Si3~ surface (Figure [7](#F0007){ref-type="fig"}(b)). When judged from the appearance of deformation markings on these two surfaces, slip planes of the Mo~5~Si~3~ phase are determined to be (1$\overline{1}$2) and ($\overline{1}$12), two of the possible four {112} planes. Since the shortest Burgers vector on {11$\overline{2}$} is 1/2\<111\>, the slip system of {11$\overline{2}$}\<111\> is expected to be activated in Mo~5~Si~3~ at 1000 °C.

![Deformation markings observed on two orthogonal surfaces parallel to (a) (110)~MoSi2~ and (b) (001)~MoSi2~ of a \[1$\overline{1}$0\]~MoSi2~-oriented specimen of a binary DS eutectic composite deformed at 1000 °C.](tsta_a_1218248_f0007_oc){#F0007}

A TEM bright-field (BF) image of a \[1$\overline{1}$0\]~MoSi2~-oriented binary DS composite specimen deformed to \~1% plastic strain at 1000 °C is shown in Figure [8](#F0008){ref-type="fig"}(a). Many dislocations are observed in both MoSi~2~ and Mo~5~Si~3~, indicating that dislocations are activated in both phases at 1000 °C. The Burgers vectors of dislocations in the MoSi~2~ matrix are confirmed to be \[100\] and \[010\] (hereafter designated as **b** ~1~ and **b** ~2~), which are identical to those for as-grown dislocations (Figure [3](#F0003){ref-type="fig"}). The activation of \<100\> dislocations are similarly observed in compression of \[1$\overline{1}$0\]~MoSi2~-oriented MoSi~2~ single crystals.\[[@CIT0007]\] Since plastic flow is observed only above 1300 °C for Mo~5~Si~3~ single crystals with the \[001\] orientation,\[[@CIT0025]\] the introduction of dislocations into the Mo~5~Si~3~ phase in the script lamellar structure is considered to be assisted by the stress concentration generated by dislocation pile-ups against the interphase boundary in the MoSi~2~ matrix. Then, it is reasonable to consider that plastic deformation is initiated in the MoSi~2~ matrix and that it propagates into Mo~5~Si~3~ after the stress concentration at the interphase boundary due to pile-up dislocations in the MoSi~2~ matrix reaches some critical values. As seen in Figure [5](#F0005){ref-type="fig"}, for binary specimens deformed at 1000 °C, the yield stress (flow stress at 0.2% plastic strain) depends on the growth rate, while the maximum stress reached before the yield drop is almost independent of the growth rate. The yield stress may correspond to the stress level at which plastic deformation is initiated in the MoSi~2~ matrix, while the maximum stress primarily to the stress level at which plastic deformation starts to propagate into the Mo~5~Si~3~ phase.

![TEM bright-field images of \[1$\overline{1}$0\]~MoSi2~-oriented specimens of binary DS eutectic composites deformed at (a) 1000 °C and (b) 1400 °C.](tsta_a_1218248_f0008_b){#F0008}

Figure [9](#F0009){ref-type="fig"} shows a result of contrast analysis made for dislocations introduced in the Mo~5~Si~3~ phase at 1000 °C. Dislocations having three different Burgers vectors as marked A, B and C exist in Mo~5~Si~3~. Dislocations marked A are invisible when the diffraction vectors (**g**) are 0$\overline{2}$2 (Figure [9](#F0009){ref-type="fig"}(d)) and 202 (Figure [9](#F0009){ref-type="fig"}(f)). The Burgers vector (**b** ~A~) of the dislocation A is thus determined to be parallel to \[1$\overline{1}$ $\overline{1}$\] according to the standard **g•b** rule. The Burgers vector (**b** ~B~) of dislocations marked B is identified to be parallel to \[1$\overline{1}$1\] because it is invisible for **g** = $\overline{1}$12 (Figure [9](#F0009){ref-type="fig"}(c)) and **g** = 022 (Figure [9](#F0009){ref-type="fig"}(e)). For Mo~5~Si~3~ with a body-centered tetragonal crystal structure of the D8 ~m~ type (space group: *I*4/*mcm*), the shortest translation vector along \<111\> is 1/2\<111\>. The Burgers vectors of the observed dislocations A and B are thus inferred to be 1/2\[1$\overline{1}$ $\overline{1}$\] and 1/2\[1$\overline{1}$1\], respectively. These observations are consistent with the result of trace analysis shown in Figure [7](#F0007){ref-type="fig"}. Dislocations marked C are invisible for **g** = $\overline{3}$30 (Figure [9](#F0009){ref-type="fig"}(b)), while they are visible for the other imaging conditions presented in Figure [9](#F0009){ref-type="fig"}. Among possible Burgers vectors with relatively short magnitudes, i.e. \[001\], 1/2\<111\>, \<100\> and \<011\>, only **b** = \[001\] can satisfy the visibility conditions. The Burgers vector (**b** ~C~) of the dislocation C is thus determined to be \[001\]. Under the assumption that in DS MoSi~2~/Mo~5~Si~3~ eutectic composites with the corresponding orientation, plastic deformation initiates in the MoSi~2~ matrix and propagates into the Mo~5~Si~3~ phase across the interphase boundary, the observed dislocations (**b** ~1~, **b** ~2~ in MoSi~2~, **b** ~A~, **b** ~B~, **b** ~C~ in Mo~5~Si~3~) can be correlated with each other as follows.

![Contrast analysis of dislocations in Mo~5~Si~3~ in a \[1$\overline{1}$0\]~MoSi2~-oriented specimen of a binary DS eutectic composite deformed at 1000 °C. The diffraction vector (g) used is indicated in each of the images.](tsta_a_1218248_f0009_b){#F0009}

$$\begin{matrix}
{30 \times \mathbf{b}_{1} \approx 10 \times \mathbf{b}_{\text{B}} + \mspace{6mu} 9 \times \mathbf{b}_{\text{C}}} \\
{30 \times \mathbf{b}_{2} \approx 10 \times \mathbf{b}_{\text{A}} + \mspace{6mu} 9 \times {( - \mathbf{b}_{\text{C}})}} \\
 \\
\end{matrix}$$

In Mo~5~Si~3~, while the dislocations A and B with **b** = 1/2\<111\>(**b** ~A~ and **b** ~B~) can glide on their relevant slip planes under external stress, the dislocation C (**b** ~C~ = \[001\]) cannot glide so easily because of no shear stress acting on it. The dislocation C is thus expected to exist only in the vicinity of the interphase boundary and sometimes to annihilate by a reaction with the dislocation of opposite sign (**b** ~C~ and −**b** ~C~). The slip planes for the dislocations A and B (**b** ~A~ and **b** ~B~) are (1$\overline{1}$2) and ($\overline{1}$12). This is consistent with the result of slip trace analysis of Figure [7](#F0007){ref-type="fig"} that the slip traces observed are only those corresponding to slip on (1$\overline{1}$2) and ($\overline{1}$12), two of the possible four {112} planes.

Figure [8](#F0008){ref-type="fig"}(b) shows a TEM BF image of a \[1$\overline{1}$0\]~MoSi2~-oriented specimen of the binary DS composite compressed to \~2% plastic strain at 1400 °C. In the MoSi~2~ matrix, a high density of long and curved \<100\> dislocations mostly with non-screw characters frequently form dislocation nodes and sub-boundaries (some are marked with arrowheads in Figure [8](#F0008){ref-type="fig"}(b)), indicating the occurrence of dislocation climb in the MoSi~2~ matrix at about 2% plastic strain corresponding to a nearly steady-state flow. The dislocation structure in the Mo~5~Si~3~ phase does not differ much from that observed in the specimen deformed at 1000 °C. Although the activation of dislocations in both MoSi~2~ and Mo~5~Si~3~ phases are observed, the dislocation density is much higher in MoSi~2~ than in Mo~5~Si~3~, suggesting that plastic deformation occurs dominantly in the MoSi~2~ matrix. This may be the reason why both the yield stress and maximum stress vary with the growth rate in marked contrast to the case of 1000 °C.

### 3.3.2.. \[001\]~MoSi2~ loading axis {#S0010}

Figure [10](#F0010){ref-type="fig"} shows deformation microstructures of MoSi~2~ and Mo~5~Si~3~ phases in a \[001\]~MoSi2~-oriented binary DS composite specimen deformed at 1100 °C. A high density of perfect dislocations and stacking faults on (001) are observed in the MoSi~2~ matrix. The Burgers vectors of the perfect dislocations and the partial dislocations bounding the stacking fault in Figure [10](#F0010){ref-type="fig"}(a) are determined to be parallel to \[100\] and mostly \<331\>, respectively. Since no resolved shear stress acts along \[100\] with the \[001\] loading axis direction, the \[100\] dislocation cannot carry plastic strain by simple glide on any of their possible slip planes such as {010}, {011}, {023}, {013} and {001}. In addition, the (001) stacking fault plane cannot be a slip plane for partial dislocations with the Burgers vector parallel to \<331\>. Stacking faults on (001) in as-grown and plastically deformed MoSi~2~ have been observed by many researchers.\[[@CIT0022]\]. We have also observed similar stacking faults on (001) formed during high-temperature compression tests of \[001\]-oriented single crystals of WSi~2~ with the C11~b~ crystal structure and proposed a possible formation mechanism, in which the (001) stacking fault is formed by the climb motion of 1/6\<331\> partial dislocations that originate from a \<100\> perfect dislocation.\[[@CIT0032]\]

![Deformation microstructures of (a) MoSi~2~ and (b) Mo~5~Si~3~ in a \[001\]~MoSi2~-oriented specimen of a binary DS eutectic composite deformed at 1100 °C.](tsta_a_1218248_f0010_b){#F0010}

Although the formation mechanism of stacking faults on (001) observed in the MoSi~2~ matrix of the present DS eutectic composite specimens has yet to be clarified, it is reasonable to consider that the formation of these (001) stacking faults during deformation at 1100 °C (\~0.6 T~m~, T~m~: melting point) involves a significant diffusion process similarly to the case proposed for WSi~2~ single crystals.\[[@CIT0032]\]

In Mo~5~Si~3~, dislocations with three different Burgers vectors marked A, B and C are determined to have Burgers vectors of 1/2\[111\], 1/2\[11$\overline{1}$\] and \[001\] respectively by contrast analysis. Since no shear stress acts along \[001\] with the \[110\]~Mo5Si3~ loading axis orientation, the dislocation C (**b** = \[001\]) is considered to be introduced as a result of dislocation reactions between two 1/2\<111\>.

4.. Discussion {#S0011}
==============

4.1.. Deformation modes and strain compatibility {#S0012}
------------------------------------------------

If a crystal is sheared by a small amount *s* by the operation of a slip system whose slip direction and slip plane normal are respectively parallel to the *x* ~0~ and *y* ~0~ axes of the (*x* ~0~, *y* ~0~, *z* ~0~) orthogonal coordinate system, the strain tensor *ε* ~0*ij*~ of the shear deformation is given by the following equation:\[[@CIT0033]\]$$\mathit{\varepsilon}_{0\text{ij}}{\mspace{6mu}\mspace{6mu}\text{=}\mspace{6mu}}\begin{bmatrix}
0 & {s\text{/2}} & 0 \\
{s\text{/2}} & 0 & 0 \\
0 & 0 & 0 \\
\end{bmatrix}$$

In order to discuss the strain compatibility between the two constituent phases in DS MoSi~2~/Mo~5~Si~3~ eutectic composites, the strain tensor for the relevant operative slip systems has to be transformed so as to be described with the (*x*, *y*, *z*) orthogonal coordinate system for the MoSi~2~/Mo~5~Si~3~ eutectic composite, where *x* = \[110\]~MoSi2~ // \[1$\overline{1}$0\]~Mo5Si3~, *y* = \[001\]~MoSi2~ // \[110\]~Mo5Si3~, *z* = \[1$\overline{1}$0\]~MoSi2~ // \[001\]~Mo5Si3~. A slight misalignment of about 2° between \[1$\overline{1}$0\]~MoSi2~ and \[001\]~Mo5Si3~ around the *x* axis is neglected here for simplicity, since the strain components are hardly affected by the misalignment.

In \[1$\overline{1}$0\]~MoSi2~-oriented DS MoSi~2~/Mo~5~Si~3~ eutectic composites deformed at and above 1000 °C, the dominant deformation mode observed is {011}\<100\> slip in MoSi~2~ and is {11$\overline{2}$}\<111\> slip in Mo~5~Si~3~. Strain components calculated for these slip systems in MoSi~2~ and Mo~5~Si~3~ are summarized in Tables [2](#T0002){ref-type="table"} and [3](#T0003){ref-type="table"}, respectively. The strain components in Tables [2](#T0002){ref-type="table"} and [3](#T0003){ref-type="table"} are normalized to their respective absolute value of *ε* ~*zz*~. The strain component *ε* ~*zz*~ corresponds to the normal strain along the compression axis since the loading axis is parallel to the *z* axis in this case. Under the condition of uniaxial loading along \[1$\overline{1}$0\]~MoSi2~, four {011}\<100\> equivalent slip systems are equally stressed with the identical Schmid factors of 0.463 and these four slip systems are assumed to be equally activated in MoSi~2~. The strain tensor for the MoSi~2~ matrix is then given in the following form.$$\mathit{\varepsilon}_{ij}{\mspace{6mu}\mspace{6mu}\text{=}\mspace{6mu}}\begin{bmatrix}
\mathit{\varepsilon}_{xx} & 0 & 0 \\
0 & 0 & 0 \\
0 & 0 & \mathit{\varepsilon}_{zz} \\
\end{bmatrix}$$

###### Strain components for {011}\<100\> slip systems in the MoSi~2~ phase calculated with respect to the (*x*, *y*, *z*) orthogonal coordinate system for the MoSi~2~/Mo~5~Si~3~ eutectic composite, where *x* = \[110\]~MoSi2~, *y* = \[001\]~MoSi2~, *z* = \[1$\overline{1}$0\]~MoSi2~. Schmid factors for uniaxial loading along *z* = \[1$\overline{1}$0\]~MoSi2~ are also indicated.

  Slip system                 *ε*~xx~   *ε*~yy~   *ε*~zz~   *ε*~yz~   *ε*~zx~   *ε*~xy~   Schmid factor for *z*-axis compression
  --------------------------- --------- --------- --------- --------- --------- --------- ----------------------------------------
  (011)\[100\]                1.000     0.000     −1.000    0.289     0.000     0.289     0.463
  (01$\overline{1}$)\[100\]   1.000     0.000     −1.000    −0.289    0.000     −0.289    0.463
  (101)\[010\]                1.000     0.000     −1.000    −0.289    0.000     0.289     0.463
  (10$\overline{1}$)\[010\]   1.000     0.000     −1.000    0.289     0.000     −0.289    0.463

###### Strain components for {11$\overline{2}$}\<111\> slip systems in the Mo~5~Si~3~ phase calculated with respect to the (*x*, *y*, *z*) orthogonal coordinate system for the MoSi~2~/Mo~5~Si~3~ eutectic composite, where *x* =\[1$\overline{1}$0\]~Mo5Si3~, *y* =\[110\]~Mo5Si3~, *z* = \[001\]~Mo5Si3~. Schmid factors for uniaxial loading along *z* = \[001\]~Mo5Si3~ and *y* = \[110\]~Mo5Si3~ are also indicated.

  Slip system                                           *ε*~xx~   *ε*~yy~   *ε*~zz~   *ε*~yz~   *ε*~zx~   *ε*~xy~   Schmid factor for *z*-axis compression   Schmid factor for *y*-axis compression
  ----------------------------------------------------- --------- --------- --------- --------- --------- --------- ---------------------------------------- ----------------------------------------
  (11$\overline{2}$)\[111\]                             0.000     1.000     −1.000    −1.212    0.000     0.000     0.318                                    0.318
  (112)\[11$\overline{1}$\]                             0.000     1.000     −1.000    1.212     0.000     0.000     0.318                                    0.318
  ($\overline{1}$1$\overline{2}$)\[$\overline{1}$11\]   1.000     0.000     −1.000    0.000     1.212     0.000     0.318                                    0
  ($\overline{1}$12)\[$\overline{1}$1$\overline{1}$\]   1.000     0.000     −1.000    0.000     −1.212    0.000     0.318                                    0

where $\mathit{\varepsilon}_{xx}/\mathit{\varepsilon}_{zz} = - 1$. In Mo~5~Si~3~, there are four equivalent {11$\overline{2}$}\<111\> slip systems with the identical Schmid factor (0.318) under the condition of uniaxial loading along \[001\]~Mo5Si3~. However, only two slip systems, (1$\overline{1}$2)\[1$\overline{1}$ $\overline{1}$\] and ($\overline{1}$12)\[$\overline{1}$1$\overline{1}$\], of the four are confirmed to be operative experimentally in the present study. On the assumption that these two slip systems are equally activated, the strain tensor for Mo~5~Si~3~ is described also by Equation (3). If the plastic strain tensors of the two constituent phases are identical, macroscopic plastic deformation is expected to occur without introducing any cracks at the interphase boundary because no strain incompatibility is developed at the boundary. We believe that this is actually what happened in the deformation of DS MoSi~2~/Mo~5~Si~3~ eutectic composites along \[1$\overline{1}$0\]~MoSi2~ above 1000 °C. In fact, if the other two {11$\overline{2}$}\<111\> slip systems, (11$\overline{2}$)\[111\] and (112)\[11$\overline{1}$\], of the four are equally activated, the strain tensor is totally different from Equation (3) having non-zero values only for the strain components of $\mathit{\varepsilon}_{yy}^{}$ and $\mathit{\varepsilon}_{zz}^{}$ ($\mathit{\varepsilon}_{zz}^{}/\mathit{\varepsilon}_{yy}^{} = - 1$). Since the strain compatibility cannot be achieved at the interphase boundary in this case, plastic deformation will hardly occur in this case. In other words, there is a reason for the preferential activation of (1$\overline{1}$2)\[1$\overline{1}$ $\overline{1}$\] and ($\overline{1}$12)\[$\overline{1}$1$\overline{1}$\] slip systems in Mo~5~Si~3~.

In \[001\]~MoSi2~-oriented DS MoSi~2~/Mo~5~Si~3~ eutectic composites, in contrast, the onset temperature (1100 °C; \~0.6 T~m~) for plastic flow is found to be higher than that for \[1$\overline{1}$0\]~MoSi2~-oriented specimens. This is because plastic deformation of \[001\]~MoSi2~-oriented specimens needs the operation of diffusion-controlled deformation processes such as the climb motion of dislocations accompanied by the formation of (001) stacking faults in MoSi~2~. We now consider how plastic deformation of \[001\]~MoSi2~-oriented DS MoSi~2~/Mo~5~Si~3~ eutectic composites occurs at temperatures lower than the actually observed onset temperature (1100 °C) for plastic flow without diffusion-controlled processes. The activation of {013}\<3$\overline{3}$1\> slip is expected in MoSi~2~, because it is the operative deformation mode observed in \[001\]-oriented MoSi~2~ single crystals.\[[@CIT0007]\]. Strain components generated by the activation of eight equivalent {013}\<3$\overline{3}$1\> slip systems in MoSi~2~ are summarized in Table [4](#T0004){ref-type="table"}. The strain component *ε* ~*yy*~ corresponds to the normal strain along the compression axis in this case, since the \[001\]~MoSi2~-loading axis corresponds to the y-axis in the (*x*, *y*, *z*) orthogonal coordinate system. All of the eight equivalent {013}\<3$\overline{3}$1\> slip systems with the identical Schmid factor (0.387) are expected to be equally operative in the MoSi~2~ matrix under the condition of uniaxial compression along \[001\] of MoSi~2~. Since the number of independent slip systems for general deformation is sufficiently high, any resultant macroscopic strain can be achieved by simultaneous activation of some of the eight slip systems. For example, if (013)\[ $\overline{3}$3$\overline{1}$\], (01$\overline{3}$)\[ $\overline{3}$31\], (103)\[3$\overline{3}$ $\overline{1}$\] and ($\overline{1}$03)\[ $\overline{3}$3$\overline{1}$\] slip systems are equally activated, the resultant macroscopic strain tensor is described by the following form,

###### Strain components for {10$\overline{3}$}\<331\> slip systems in the MoSi~2~ phase calculated with respect to the (*x*, *y*, *z*) orthogonal coordinate system for the MoSi~2~/Mo~5~Si~3~ eutectic composite, where *x*  =  \[110\]~MoSi2~, *y*  =  \[001\]~MoSi2~, *z* = \[1$\overline{1}$0\]~MoSi2~. Schmid factors for uniaxial loading along *y* = \[001\]~MoSi2~ are also indicated.

  Slip system                                                        *ε*~xx~   *ε*~yy~   *ε*~zz~   *ε*~yz~   *ε*~zx~   *ε*~xy~   Schmid factor for *y*-axis compression
  ------------------------------------------------------------------ --------- --------- --------- --------- --------- --------- ----------------------------------------
  (103)\[3$\overline{3}$$\overline{1}$\]                             0.000     −1.000    1.000     0.578     0.500     −0.288    0.387
  (103)\[33$\overline{1}$\]                                          1.000     −1.000    0.000     −0.288    0.500     0.578     0.387
  ($\overline{1}$03)\[$\overline{3}$$\overline{3}$$\overline{1}$\]   1.000     −1.000    0.000     0.288     0.500     −0.578    0.387
  ($\overline{1}$03)\[$\overline{3}$3$\overline{1}$\]                0.000     −1.000    1.000     −0.578    0.500     0.288     0.387
  (013)\[$\overline{3}$3$\overline{1}$\]                             0.000     −1.000    1.000     −0.578    −0.500    −0.288    0.387
  (013)\[33$\overline{1}$\]                                          1.000     −1.000    0.000     0.288     −0.500    0.578     0.387
  (0$\overline{1}$3)\[$\overline{3}$$\overline{3}$$\overline{1}$\]   1.000     −1.000    0.000     −0.288    −0.500    −0.578    0.387
  (0$\overline{1}$3)\[3$\overline{3}$$\overline{1}$\]                0.000     −1.000    1.000     0.578     −0.500    0.288     0.387

$$\mathit{\varepsilon}_{ij}\, = \,\begin{bmatrix}
0 & 0 & 0 \\
0 & \mathit{\varepsilon}_{yy} & 0 \\
0 & 0 & \mathit{\varepsilon}_{zz} \\
\end{bmatrix}$$

where $\mathit{\varepsilon}_{zz}^{}/\mathit{\varepsilon}_{yy}^{} = - 1$. In contrast, (001)\<110\>slip is only the slip system so far reported in Mo~5~Si~3~.\[[@CIT0025]\] However, there is no shear stress acting on this slip system when the compression axis is \[110\] of Mo~5~Si~3~. We, therefore, assume that {11$\overline{2}$}\<111\> slip, which is newly identified in the present study, is operative under the condition of uniaxial loading along \[110\] of Mo~5~Si~3~. Strain components for four equally stressed equivalent {11$\overline{2}$}\<111\> slip systems are given in Table [3](#T0003){ref-type="table"}. The strain component *ε* ~*yy*~ corresponds to the normal strain along the compression axis in this case, since the \[110\]~Mo5Si3~-loading axis corresponds to the y-axis in the (*x*, *y*, *z*) orthogonal coordinate system. On the assumption that the ($\overline{1}$ $\overline{1}$2)\[111\] and (112)\[$\overline{1}$ $\overline{1}$1\] slip systems with a non-zero Schmid factor (0.318) are operative equally, the resultant macroscopic strain tensor becomes identical to that given by Equation (4). Then, strain compatibility at the interphase boundary is expected to be satisfied, as far as the resultant macroscopic strain tensor described by Equation (4) is achieved in each of the constituent phases. However, no apparent plastic flow is observed in \[001\]~MoSi2~-oriented DS MoSi~2~/Mo~5~Si~3~ eutectic composites below 1000 °C, indicating that strain compatibility is not actually achieved at the interphase boundary. We believe that the macroscopic strain tensor generated in MoSi~2~ cannot be in the form of Equation (4), which needs the simultaneous activation of some of the eight equivalent {013}\<3$\overline{3}$1\> slip systems. Indeed, \[001\]-oriented MoSi~2~ single crystals have been reported to exhibit extremely high work-hardening followed by early fracture at about 0.5% plastic strain below 1200 °C.\[[@CIT0024]\] This clearly suggests that macroscopic flow accompanied by the multiple activation of {013}\<3$\overline{3}$1\> slip systems in MoSi~2~ so as to satisfy the strain compatibility at the interphase boundary is difficult to achieve in \[001\]~MoSi2~-oriented DS MoSi~2~/Mo~5~Si~3~ eutectic composites below 1000 °C and that plastic deformation of this orientation occurs only at higher temperatures where diffusion-controlled deformation processes play an important role. In other words, the difficulty in multiple activation of {013}\<3$\overline{3}$1\> slip systems in the MoSi~2~ matrix is the reason for the higher onset temperature for plastic flow for \[001\]~MoSi2~-oriented DS MoSi~2~/Mo~5~Si~3~ eutectic composites.

4.2.. Influences of growth rate and ternary addition on high temperature strength {#S0013}
---------------------------------------------------------------------------------

The yield stress of \[1$\overline{1}$0\]~MoSi2~-oriented DS MoSi~2~/Mo~5~Si~3~ eutectic composites depends on the growth rate during directional solidification (Section 3.2.1) and is considered to correspond to the stress level at which plastic deformation is initiated in the MoSi~2~ matrix (Section 3.3.1). The yield stress of \[1$\overline{1}$0\]~MoSi2~-oriented DS MoSi~2~/Mo~5~Si~3~ eutectic composites is thus considered to vary primarily with the average thickness of the MoSi~2~ matrix. Values of yield stress of \[1$\overline{1}$0\]~MoSi2~-oriented binary and some ternary DS eutectic composites are plotted in Figure [11](#F0011){ref-type="fig"} as a function of the average thickness of MoSi~2~.

![Yield stress of the \[1$\overline{1}$0\]~MoSi2~-oriented specimens of binary and some ternary DS eutectic composites deformed at (a) 1000 °C and (b) 1400 °C plotted as a function of the average thickness of MoSi~2~.](tsta_a_1218248_f0011_oc){#F0011}

For the binary alloys grown at 100 mm h^--1^ with a (non-homogeneous) cellular structure, the average thickness values of the (fine) central regions, (coarse) cell-boundary regions and overall regions are indicated in the figure. The yield stresses for those with a homogeneous script lamellar structure increase with the decrease in the average thickness of MoSi~2~ both at 1000 and 1400 °C with the decrease being more pronounced at 1400 °C. Microstructure refinement of DS MoSi~2~/Mo~5~Si~3~ eutectic composites is thus quite effective in obtaining better high-temperature strength.

The trend for the MoSi~2~ average thickness dependence of yield stress is very similar for binary and all ternary alloys at both 1000 and 1400 °C, except for that alloyed with 5 at.% Ta tested at 1400 °C. The yield stress at 1400 °C for the 5 at.% Ta-doped alloy is significantly higher than those of binary and other ternary alloys, exceeding that of \[001\]-oriented single crystals of binary Mo~5~Si~3~. Ta additions are thus found to be very effective in obtaining better high-temperature strength of the DS MoSi~2~/Mo~5~Si~3~ eutectic composites. The substantial increase in yield strength observed for the Ta-doped alloy is believed to be due to the solid-solution hardening effects of large and heavy Ta atoms on plastic deformation of the MoSi~2~ matrix especially at temperatures where diffusion-controlled deformation processes play an important role. This is currently under investigation in our group.

Figure [12](#F0012){ref-type="fig"} shows the temperature dependence of yield stress for \[1$\overline{1}$0\]~MoSi2~ and \[001\]~MoSi2~-oriented binary DS MoSi~2~/Mo~5~Si~3~ eutectic composites grown at 10 mm h^--1^ together with that for \[1$\overline{1}$0\]~MoSi2~-oriented Ta-doped DS eutectic composites grown at 10 mm h^--1^. The temperature dependence of yield stress obtained for some typical high-temperature materials \[[@CIT0035]\] are also shown in the figure for comparison. \[001\]~MoSi2~-oriented DS eutectic composites exhibit yield stress values higher than \[1$\overline{1}$0\]~MoSi2~-oriented DS eutectic composites at all temperatures investigated (above 1100 °C). Surprisingly, the yield stress value obtained at 1400 °C for the \[1$\overline{1}$0\]~MoSi2~-oriented Ta-doped DS eutectic composite is comparable to that obtained at 1400 °C for \[001\]~MoSi2~-oriented DS eutectic composites, exceeding 500 MPa even at such a high temperature of 1400 °C. The yield stress values of these DS MoSi~2~/Mo~5~Si~3~ alloys are much higher than those not only of modern Ni-base superalloys such as CMSX-4 but also of recently developed ultrahigh-temperature structural materials such as ULTMAT Mo-Si-B alloys and Nb silicide-based DS alloys.\[[@CIT0035]\] The yield stress values of these DS MoSi~2~/Mo~5~Si~3~ eutectic ingots at 1400 °C are comparable to or higher than those of CMSX-4 at \~1050 °C, which indicates the significant advantage of these DS MoSi~2~/Mo~5~Si~3~ eutectic alloys for high-temperature structural applications over advanced Ni-base superalloys and recently developed ultrahigh-temperature structural materials. Our preliminary results indicate that these DS MoSi~2~/Mo~5~Si~3~ eutectic alloys exhibit excellent creep properties at temperatures exceeding 1300 °C. This will be published soon elsewhere.

![Temperature dependence of yield stress of DS MoSi~2~/Mo~5~Si~3~ eutectic composites and some high-temperature materials.\[[@CIT0035]\]](tsta_a_1218248_f0012_b){#F0012}

5.. Conclusions {#S0014}
===============

High-temperature mechanical properties as well as deformation mechanisms of DS ingots of binary and some ternary MoSi~2~/Mo~5~Si~3~ eutectic composites grown at various growth rates have been investigated in compression at temperatures from 900 to 1500 °C. The results obtained are summarized as follows.1.Plastic flow of DS ingots of MoSi~2~/Mo~5~Si~3~ eutectic composites is observed only above 1000 °C when the loading axis is parallel to \[1$\overline{1}$0\]~MoSi2~, while when the loading axis is parallel to \[001\]~MoSi2~, it is observed above 1100 °C, which is \~100 °C higher than that for the \[1$\overline{1}$0\]~MoSi2~ orientation. The difference in the onset temperature for plastic flow for the two orientations has been interpreted in terms of strain compatibility at the interphase boundary by taking into account of the operative deformation modes in the relevant phases.2.\[1$\overline{1}$0\]~MoSi2~-oriented binary DS ingots exhibit values of yield stress about 3--10 times higher than those of \[1$\overline{1}$0\]-oriented MoSi~2~ single crystals in the temperature range from 1000 to 1500 °C. On the other hand, \[001\]~MoSi2~-oriented binary DS ingots exhibit values of yield stress higher than those of MoSi~2~ single crystals with the corresponding orientation at 1100 °C, but the opposite is true at higher temperatures above 1300 °C.3.The yield stress values of binary and some ternary DS MoSi~2~/Mo~5~Si~3~ eutectic composites increase with the decrease in the average thickness of MoSi~2~ phase with the trend being much more enhanced at higher temperatures, indicating that microstructure refinement is effective in obtaining better high-temperature strength for these DS eutectic composites.4.Among the four ternary alloying elements tested (V, Nb, Ta and W), Ta is found to be the most effective in improving yield strength of DS ingots of MoSi~2~/Mo~5~Si~3~ eutectic composites at higher temperatures around 1400 °C.5.The yield stress values of these DS MoSi~2~/Mo~5~Si~3~ alloys at high temperatures are much higher than those not only of modern Ni-base superalloys such as CMSX-4 but also of recently developed ultrahigh-temperature structural materials such as ULTMAT Mo-Si-B alloys and Nb silicide-based DS alloys.
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The chemical compositions for Ta- and W-alloyed DS ingots analyzed by SEM-EDS are revised from those published in our previous paper.\[[@CIT0017]\] The data in Table [1](#T0001){ref-type="table"} are estimated using Ta L and W L lines instead of Ta M and W M lines that seriously overlapped with Si K line resulting in relatively large measurement errors in our previous results.
